Carbon products generated in a DC arc discharge with graphite electrodes sustained in argon buffer are characterized using time-resolved mass spectra measured by a Residual Gas Analyzer (RGA). The results show that atomic carbon vapor is one of the dominant vapor-phase components produced in the discharge. The yield of C atoms is much higher compared to that of C2 molecules. C3 signal exhibits essentially no dependence on the arc current and may be due to carbon particulates accumulated on the walls of the discharge cell from the previous runs. The yield of heavier carbon species (up to C17) is insignificant. However, the atomic carbon vapor yield is approximately two orders of magnitude lower than the net rate of carbon electrode consumption, indicating that carbon may be ablated from the electrodes as solid particulates. Carbon atoms produced in the arc discharge are used to generate highly vibrationally excited CO by a chemical reaction with molecular oxygen, added to the flow downstream of the discharge cell. Based on previous CO laser experiments, it is estimated that the rate of C atom production in the arc discharge needs to be scaled up by approximately three orders of magnitude, to achieve optical gain sufficient for laser power generation. To increase the high-temperature plasma volume up to several cm 3 , inductively coupled RF discharge is used. Fourier Transform Infrared (FTIR) emission spectroscopy was used to measure temperature in the Inductively Coupled Plasma (ICP) sustained in argon flow seeded with 2.5% CO. Temperatures up to T=2600 K were observed at a discharge power of 1 kW in the ICP. Micron-size carbon particles added to the argon flow using a custom-designed particle seeder are vaporized in the ICP discharge cell, and the products are injected into the main argon flow. Oxygen is injected into the main flow downstream of the ICP discharge cell. Vibrationally excited CO is formed by a chemical reaction between carbon vapor and oxygen in the main flow, at a relatively low temperature of T=400 K. CO vibrational levels up to v=6 are detected from FTIR emission spectra. Further experiments quantifying the yield of vibrationally excited CO are underway.
Introduction
Exothermic chemical reactions are widely used for extraction of energy, when reactants are chemically converted to lower energy products and the excess chemical energy is converted to work. Chemical lasers utilize these types of chemical reactions, where chemical energy is stored in internal modes of the products and is extracted via the stimulated emission process, generating laser power. Recent theoretical and experimental studies of the exothermic reaction of atomic carbon and molecular oxygen [1] [2] [3] have demonstrated that a significant fraction of the excess chemical energy (up to ~ 30%) can be stored in the vibrational mode of the carbon monoxide product. These results suggest a potential development of a chemical carbon monoxide laser based on this reaction. One of the potential applications of this laser is electrical power generation on board of a hypersonic vehicle, using photovoltaic energy converters.
In our previous work [3] , we demonstrated formation of highly vibrationally excited CO, up to at least v=14, with absolute population inversions at v=4-7, in collision-dominated environments (P=15-20 Torr) and at low rotational-translational temperatures (T=400-450 K). These results demonstrate the feasibility of development of a new CO chemical laser using carbon vapor and oxygen as reactants. A high fraction of the reaction enthalpy stored in the CO vibrational mode (at least 10-20%) inferred from the data of Ref. [3] suggests that this laser may operate at high efficiency. In particular, a recent study, which demonstrated lasing in optically pumped COAr mixtures at T≈300-400 K and P=10 Torr, at CO partial pressures of ~ 0.2-0.3 Torr [4] suggests that vibrational excitation of CO in a chemical reaction between carbon and oxygen may be used for laser power generation at these operating conditions. Also, measurements of spectra and output power of a supersonic flow CO laser with significant amounts of nitrogen, oxygen and air in the laser mixture [5] suggest that the chemical CO laser may operate using dry air and carbon vapor as reactants.
The main objectives of the present work are to characterize the carbon product generated in the high-temperature arc discharge reactor, and to scale up the yield of highly vibrationally excited carbon monoxide produced in the chemical reaction between carbon vapor and molecular oxygen.
Experimental
In the present work, the carbon products generated in an arc discharge flow reactor, described in detail in our previous work [5] , are studied using a residual gas analyzer (RGA), shown schematically in Figure 1 . The arc discharge reactor consists of a stainless steel six-arm cross cell with electrical feedthroughs mounted on the top and bottom sides. One of the feedthroughs can be moved using a linear translation stage. Graphite rod electrodes of different diameters are mounted to the end of the translation stage (grounded electrode, 2 mm diameter) and a stationary feedthrough (powered electrode, 12 mm diameter). A stepper motor is employed to drive the translation stage and adjust the electrode gap in the cell, typically ~ 1-2 mm. The electrodes are powered by a high current, positive polarity DC power supply (100 V, 100 A). Typical voltage and current are ~15 V and 35-40 A. The residual gas analyzer (Stanford Research Systems 200AMU) is mounted directly on the arc discharge cell flange. A 20 µm diameter pinhole is placed inside the cell, approximately 2-3 inches from the arc discharge electrodes, and is used to sample the products generated in the discharge. Based on the present results, the RGA has a detection limit of approximately 10 mTorr partial pressure in the discharge cell, and spectral resolution of ≈ 0.5 amu. The discharge cell is first evacuated, then filled with argon up to pressure of 20 Torr, and sealed off. The arc discharge is operated at approximately 50% duty cycle (one minute on, one minute off) for a period of 10-20 minutes, while the RGA monitors the vapor phase products generated in the discharge. During a typical data acquisition period (20 minutes long), approximately 10 mm of the 2 mm diameter graphite rod electrode is consumed. The RGA is used to acquire the mass spectra of the products, up to 200 a.m.u., and to monitor simultaneous timedependent evolution of up to ten different species.
In a separate experiment designed to scale up production of vibrationally excited CO in a high-temperature electric discharge reactor, an inductively coupled RF discharge is used to heat up and vaporize amorphous carbon particles supplied by a custom designed particle seeder. In the seeder, the carbon particles with a size distribution between 20 to 50 microns are entrained by a 1 SLM Ar buffer flow. The flow seeded with carbon particles is injected tangentially near the bottom of a vertically oriented cylinder discharge cell 36 mm in diameter, made of quartz (see Figs. 2,3 ). The flow passes through a diffuse plasma generated in the discharge cell. The inductively coupled plasma (ICP) is generated using a water-cooled copper coil wrapped around the discharge cell, as shown in Fig. 3 , and powered by a Dressler 5 kW, 13.56 MHz RF power supply with automatic impedance matching network. A photo of the plasma inside the ICP cell in argon at P=20 Torr, at RF power of 700 W, is shown in Figure 4 . In all present experiments, the reflected RF power does not exceed ~10 W. After passing through the plasma, the flow containing carbon vapor is injected into the main 15 SLM Ar buffer flow through an exit port 3 mm in diameter (see Fig. 4 ). Downstream, the main flow enters an observation cell where oxygen is injected to initiate a chemical reaction between carbon vapor and oxygen molecules producing carbon monoxide. The entire apparatus is covered by copper mesh to form a Faraday cage and reduce electromagnetic interference from the plasma. CO infrared emission spectra are acquired by a Varian 660-IR Fourier Transform Infrared (FTIR) spectrometer with spectral resolution of 0.5 cm -1 over a period of several seconds.
Results and Discussion
The data acquired by the Residual Gas Analyzer are used to characterize the mass distribution of carbon products generated in the arc discharge with graphite electrodes, and to monitor the relative concentrations and lifetimes of the product components. A typical set of RGA data is shown in Figure 5 , which plots partial pressures of different species inside the RGA housing vs. time (note that the partial pressures of these species in the discharge cell are much higher). It is evident that when the arc is turned on, the argon partial pressure increases, due to heating of the gas mixture in the cell by the discharge. A measurable rise in the atomic carbon vapor pressure during each of these intervals (i.e. when the arc is on), as well as a slow reduction in atomic carbon pressure when the arc is turned off, is also apparent. The slow decay in C vapor partial pressure when the arc is turned off indicates that loss of C vapor due to atom-atom recombination and diffusion to the cell walls at these concentrations is a relatively minor effect. There is also a slight increase in C2 partial pressure near the end of the run, possibly due to recombination of C atoms. The C3 signal may well be attributed to carbon particulates deposited on the walls of the cell during previous runs, since it shows no dependence on the arc current, exhibiting only a slow decay as the cell is heated up by the arc. Other carbon species monitored during the experiment, specifically C4 and C5 (not shown in Fig. 5 ), exhibit no detectable change over time. Finally, mass spectra acquired at the end of the run for the full mass range of the RGA indicate that no other carbon species within the RGA range (Cn, n < 17) are generated by the arc discharge.
Using the argon signal as a reference, the partial pressure of C vapor in the discharge cell is estimated to reach ≈ 120 mTorr (≈ 5•10 15 cm -3 ) by the end of the run. Using a total sublimation run time of approximately 600 seconds (at 50% duty cycle), the average C atom production rate is on the order of 1•10 16 C atoms/sec. This is much lower compared to the rate of graphite electrode consumption (3•10 18 C atoms/sec) during the run, estimated from the 10 mm length of the 2 mm diameter electrode consumed over the run time of 600 seconds,. This demonstrates that only a small fraction of carbon ablated from the electrode is accounted for in the RGA data such as shown in Fig. 5 , suggesting that carbon is either ablated as large agglomerates (Cn, n > 16) or solid particulates, as atomic carbon vapor, or re-deposited onto the large diameter (12 mm) powered electrode. The measured C atom vapor generation rate in the arc discharge cell is much lower than the flow rate used in our previous experiments generating vibrationally excited carbon in a reaction between C atoms and molecular oxygen, which was 15 SLM (~ 0.6•10 22 atoms/s) [3, 5] . Based on the previous study of an optically pumped CO laser [4] , we estimate that the rate of C atom production in the arc discharge needs to be scaled up by approximately three orders of magnitude, to achieve optical gain sufficient for laser power generation. This demonstrates the need to enhance the production of C atoms (and therefore vibrationally excited CO) in the flowing chemical reactor. For this, the volume of the high-temperature plasma needs to be increased, from several mm 3 in the arc discharge to several cm 3 . To increase the discharge volume, we used a high-power inductively coupled RF discharge in argon seeded with amorphous carbon particles.
To assess feasibility of the use of the ICP argon plasma for carbon vaporization, the argon flow through the ICP discharge cell was seeded with 2.5% CO at a total pressure of 20 Torr and total flowrate through the cell of 0.5 SLM. The temperature in the plasma was inferred from CO fundamental infrared emission spectra. CO emission was collected near the center of the discharge cell, and the translational-rotational temperature was inferred from the rotational structure of the R-branch of the CO(v=1→0) fundamental band, at different RF discharge powers, as illustrated in Figure 6 . In Figure 6 , self-absorption on low rotational levels is evident up to rotational quantum number of J ~ 25. To avoid the effect of self-absorption, only high rotational levels were used for temperature inference. Temperatures measured at RF discharge powers ranging from 100 to 1000 W are plotted in Figure 7 , with error bars indicating the temperature inference uncertainty. It can be seen that temperatures of up to T=2600 K are achieved in the discharge. Although this is significantly lower than the carbon sublimation temperature, T ≈ 3900 K, higher temperatures are expected to be achieved by reducing heat conduction and radiation losses from the ICP discharge.
To detect vibrationally excited CO formed in a chemical reaction between carbon vapor generated in the ICP discharge and molecular oxygen, the discharge was sustained in an argon flow containing carbon particles added using a particle seeder, at a pressure of 19.3 Torr, a flow rate of 0.5 SLM, and power of 1.4 kW. The discharge products were injected into the main argon flow (flow rate of 5 SLM). Oxygen was injected into the main flow downstream of the ICP discharge cell (see Fig. 2 ), at a partial pressure of 7 Torr. Figure 8 shows a typical CO fundamental emission spectrum in the observation cell at these conditions. Comparison with synthetic spectra [3] shows that CO vibrational levels up to v=6 are populated and radiating, indicating strong vibrational excitation of CO chemical reaction product. No CO2 emission from the flow was detected at these conditions. Figure 9 shows a Boltzmann plot of R-branch transitions of the CO(v=1→0) emission band, inferred from the emission spectrum in Fig. 8 , indicating that the rotational-translational temperature of the main flow at these conditions is fairly low, T=400 ± 15 K. This suggests that gain and lasing can be achieved at these operating conditions, if the CO yield is sufficiently high. The measurements of the yield of vibrationally excited CO produced in a chemical reaction between carbon vapor generated in a high-temperature ICP discharge and molecular oxygen are currently underway.
Summary
The results of the present work show that atomic carbon vapor is one of the dominant vaporphase species generated in the DC arc discharge. Yield of carbon products heavier than C3 appears to be insignificant. However, the rate of atomic carbon generation in the arc discharge is estimated to be too low to produce a sufficient amount of vibrationally excited CO in a reaction with molecular oxygen to achieve laser gain and power generation. To scale up atomic carbon production, an inductively coupled RF discharge is used. CO emission spectra measured in the diffuse inductively coupled plasma sustained in argon flow seeded with 2.5% CO show that temperature up to T=2600 K is achieved at a discharge power of 1 kW. Micron-size carbon particles added to argon flow using a custom-designed particle seeder are vaporized in the ICP discharge cell, and the products are injected into the main argon flow. Oxygen is injected into the main flow downstream of the ICP discharge cell. Vibrationally excited CO is formed by a chemical reaction between carbon vapor and oxygen in the main flow, at a relatively low temperature of T=400 K. CO vibrational levels up to v=6 are detected from FTIR emission spectra. Further experiments quantifying the yield of vibrationally excited CO are underway. 
